I. INTRODUCTION
Rare-earth ions (REIs) doped materials are attractive for realizing solid-state lasers and fluorescence displays. 1 The luminescence efficiency mainly depends on the energy level structure of REIs and their local environments. 2 Among all the REIs, Yb 3+ is one of the mostly investigated, which possesses high quantum efficiency and low stokes loss. The energy level of Yb 3+ is simple with only the ground state 2 F 7/2 and the excited state 2 F 5/2 , and the two states are separated by about 10000 cm −1 . Yb 3+ is a promising candidate for high efficiency laser device due to its advantages of no excited state absorption and quenching effect. Ultralow-threshold Yb 3+ : SiO 2 glass microsphere laser has already been reported. 3, 4 On the other hand, other attractive phenomena of Yb 3+ are CL and cooperative absorption, which have been investigated in Yb 3+ doped solid states since 1970s. 5, 6 In the first case, Yb 3+ ion-pairs are excited by IR (1-μm) radiation simultaneously, and emit a photon with double energy (in the 0.5 μm region), while Yb 3+ ion-pairs are allowed to absorb the visible in the second case. CL is a specific up-conversion since Yb 3+ does not have electronic excited state located in the visible region. The specific CL is located in the blue region, which has potential application in three-dimensional display. 7 Although CL has been investigated in a variety of nanophosphors, glasses, and wave-guiding systems, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] some of their features remain unclear. Silica microsphere resonators with whispering gallery modes (WGMs) posse the characteristics of ultrahigh quality factor (Q) and small modal volumes, which can drastically reduce the pump power required to generate laser emission and nonlinear effects. 3, 18 Moreover, they can induce strong coupling between the atomic systems and cavity electromagnetic modes. 19 The coupling efficiency between pump laser and YDSM directly affects the power density of WGMs. The optical fiber taper (OFT) is a good coupler for both coupling pump laser into microspheres and extracting light emission from them with high coupling efficiency (e.g. up to 99%). 20 In the present work, we employ fiber taper coupled microsphere system to investigate the ultralow-threshold laser oscillation and the blue shift CL in YDSM. The IR (λ = 976 nm) laser pump power required for laser oscillation is identified to be only several microwatts. The ultra-low threshold laser oscillation, low-power excitation for CL and the CL intensity tends to be saturated with the increase of excitation power are due to the high energy density of WGMs. An energy level diagram is proposed to explain the process of the peak wavelength 20 nm short-wavelength shift than the two photons absorption emission of 488 nm.
II. EXPERIMENTAL
The sol-gel technique for making thin films is attractive for its features of fast, low cost and flexibility. Here, ready-made pure-silica microspheres (PSMs) serve as basic microsphere structure, and the gain functionalization of the surface of microspheres is performed by Yb 3+ doped sol-gel films. Initial PSMs are formed by arc-melting the tips of tapered optical fibers with electrode discharge of a fusion splicer. 21, 22 The sol-gel starting solution is prepared by hydrolyzing tetraethoxysilane (TEOS) in water under acid condition, ethanol acts as cosolvent, dimethyl formamide serves as addition agent. Yb 3+ ions are introduced by adding Yb(NO 3 ) 3 · 5H 2 O, and the weight ratio of Yb(NO 3 ) 3 · 5H 2 O/ TEOS is ∼12 wt. %. Stir the mixture vigorously at room temperature for 4 hours, and then age the sol solution at room temperature for another 12 hours, finally the sol solution is formed. More than one cycle processes are used to build up a desired layer thickness. Each cycle process consists of dipping PSMs in the sol solution for 30 minutes, followed by baking them in an oven at 160 • C for 20 minutes. The layer thickness is about hundreds nanometer for each cycle process. To measured the lay thickness, we used a cleaned float glasses as substrate and dipped it in the sol solution together with pure-silica microspheres, after every cycle measuring the Yb 3+ doped silica layer thickness of the float glasses, we can estimate the layer thickness of the Yb 3+ doped silica within microsphere. The schematic diagram exhibiting the sample preparation process is shown in Fig. 1(a) . Every two cycle processes the microsphere is arc-melting by the electrodes discharge of a fusion splicer for several seconds to densify the Yb 3+ doped silica layer,shown in Fig. 1(b) . In addition, the micro-cracking on the film surface can be annealed by this process. The diameter of YDSMs ranges from 60 to 130 μm, and the coating thickness is several micrometers (determined by observation of the layer thickness for several cycle processes). The Yb 3+ concentration in the sol-gel layer is ∼10 20 cm −3 . OFTs can generate resonant excitation of specific WGMs within microspheres and they are fabricated by melting and drawing standard single-mode fibers. 21, 23 The typical waist diameter of OFTs is ∼1.5 μm, and the insertion loss is ∼0.1 dB. The pump source is a 976 nm laser diode. 
III. RESULTS AND DISCUSSION
Muti-wavelength laser oscillation is achieved when the OFT is adapted to the YDSM and coupled 976 nm laser, an optical spectrum analyzer (OSA, AQ6370, the resolution is 0.02 nm) is used to measure the laser oscillation. Taking the microsphere with a diameter of 83μm as the tested sample, Fig. 2 shows the laser oscillation from 1050 nm-1130 nm with different pump powers.
The threshold pump power in optical fiber for the laser oscillation is as low as 2.62 μW, which is the output power laser of laser diode. We measured the quality factor (Q value) ∼10 6 , the intrinsic microsphere quality factor is calculated by measuring the FWHM at the resonance wavelength in the over-coupled regime, that is Q = λ/ λ. In fact, the Q factors can be more than 10 8 using a cavity ring down measurement. 18 Due to the high Q value, small mode volumes and high pump wavelength absorption of the YDSM, there is an high energy density near the surface of the orbit of the YDSM, so the laser oscillation has an extremely low threshold. 24 Furthermore; the homogeneity of the distribution of Yb 3+ is another necessary condition which optimizes the overlap between pump modes and WGMs, which also results in the low threshold. 25 With the increase of excitation power, short-wavelength shift CL around 468 nm is also observed, means the peak wavelength 20 nm short-wavelength shift than the two photons absorption emission of 488 nm. The luminescence is intense enough that could easily be seen by naked eyes, even if the excitation power is only 5.29 μW. The up-conversion emission spectrum vs. the excitation power is shown in Fig. 3 .
Notice that all the YDSMs studied here are almost free of the contamination by other unwanted rare-earth dopes (such as, Erbium, Holmium, Thulium, etc.) since fibers and the Yb 3+ doped silica layer have been fabricated with purified materials. As shown in Fig. 3 , no emissions of these unwanted dopes have been observed. We have also demonstrated the Tm 3+ ion doped microsphere luminescence, the wavelength center is around 480 nm. When Tm 3+ /Yb 3+ is codoped, the wavelength center is around 475 nm, and has other bands. 26 In Ytterbium-doped silica fiber, 27 an experimental and theoretical investigation of the nonlinear transmission coefficient in a set of Ytterbium-doped silica fibers with various concentrations of Yb 3+ ions at continuous-wave 980-nm pumping is reported. They proposed a scheme of energy levels of Ytterbium to suppose existence of Yb 3+ -Yb 3+ IPs to explain the following processes: The cooperative de-excitation of two adjacent excited ions of Yb 3+ composing a pair via non-radiative multi-phonon relaxation and also via the spontaneous cooperative emission process. In here,we proposed the blue shift luminescence is supposed to be generated by the CL of Yb 3+ ion-pairs and the absorption of lattice phonons. Because if the excited Yb 3+ ion-pairs only absorb the 976 nm photon to generate cooperate luminescence, the up-conversion emission wavelength should be 488 nm. But here, the peak wavelength of CL is ∼468 nm, 20 nm short wavelength shifts relative to 488 nm in our experiment. This implies that the short wavelength shift CL is caused by simultaneous radiation transition of excited Yb 3+ ion-pairs accompanied by the absorption of Si-O lattice vibration phonons. 28 We proposed an energy level diagram to explain the process, as shown in Fig. 4 . As what we have known, the absorption band of Yb 3+ is from around 800 to 1064 nm. 29 The blue shift CL can be explained as follows. First two nearby Yb 3+ ions in the ground state are excited to level a under 976 nm pumping, then the Yb 3+ ions are excited to the higher lever c with the absorption of phonons (phonon energy in Si-O vibration is ∼1100 cm −1 ), 30 afterwards they transit to level b by non-radiation transition; finally they decay simultaneously to the ground state with emitting a single visible photon from level b, which is equivalently to the luminescence from a virtual level to the ground state. It is well known that CL is related to the Coulombic interaction between Yb 3+ ion-pairs, 31 and the typical critical distance for the process to happen is about 5 Å. 8 The pump power dependence of CL is also examined and the result is presented by log-log plot in Fig. 5 . The CL intensity evolves quadratically (slope = 1.72) for pump power when the pump power is lower than the saturation power, which exhibits that two photons are absorbed by a Yb 3+ ion-pair in this CL process. This property of phonons absorption in the Yb 3+ doped micro-cavity makes it attractive for the application of laser cooling based on anti-Stokes fluorescence, if the microcavity made from with low phonon energy host materials. 32 What's more, the CL tends to be saturated with higher pump power eventually. This is due to the huge power density over long interaction time. 12 The high Q value microsphere resonator with high density energy near surface of the orbit makes it possible to achieve huge circulating optical pump power in microscale mode volumes(∼1GW/cm 2 ), 20 this result in ultra-low laser oscillation. In addition, long confinement time makes it possible to wrap a large interaction distance into a tiny volume, 18 hence the high density energy and the limited Yb 3+ ions in small volumes result in the saturation effect. This above views can also be confirmed from reference 27. In reference 27, from the experimentally measured dependences of the transmission coefficient in Ytterbium-doped silica fibers on continuous-wave 980-nm pumping power, fiber length, and Yb 3+ concentration, one can also conclude on the quadratic dependence of blue emission on the pump power that allows one to affirm this emission as the cooperative process. 5 In additional, an effective decrease of the slope for cooperative emission can be explained by the saturation, which are pronounceable at high energy density and the limited Ytterbium ions along the Ytterbium-doped silica fibers length.
IV. CONCLUSIONS
In conclusion, the microsphere-optical fiber taper platform is employed to study the luminescence of Yb 3+ doped silica microsphere. The pump threshold for the laser oscillation is as low as 2.62 μW. In addition, blue shift CL is observed with excitation optical power of 5.29 μW, and an energy level diagram is proposed to explain this blue shift CL process. The ultralow threshold laser oscillation, low excitation optical power CL and the CL intensity tends to be saturated with the increase of pump power, are due to the high energy density of WGMs of YDSM.
